Abstract: The formation of coarse prior austenite grain is a key factor to promote transverse crack, and the transverse crack susceptibility can be reduced by refining the austenite grain size. In the present study, the high-temperature confocal laser scanning microscope (CLSM) was used to simulate and study the effect of two γ→α phase transformation conditions on the refinement of the prior austenite grains. Under the condition of the uniform distribution of the second phase precipitation, the effect of the distribution of the proeutectoid ferrite at different cooling rates and refinement of prior austenite grain were investigated. The results indicate that, at a cooling rate of 5.0°C s -1 , the austenite grain size undergoing TH1 thermal cycle was 31% smaller than the austenite grain undergoing TH0 thermal cycle. Under TH0 cooling system, the proeutectoid ferrite was uniformly distributed in the austenite matrix; under TH1 cooling, the proeutectoid ferrite precipitated and mainly concentrated along the austenite grain boundaries to form developed-film-like ferrite, which is favorable to break the prior austenite grain boundaries. After the first phase transformation, the film-like ferrite improved the nucleation conditions of new austenite grains, thus more new austenite grains splitted the prior austenite grains, ultimately refining the prior austenite grains.
Introduction
Surface transverse cracks affect the quality of microalloyed steel slab manufactured in continuous casting.
Significant number of studies on the formation mechanism of the surface transverse cracks reported an important relationship between the slab's microstructure and the formation of surface transverse cracks [1] [2] [3] [4] [5] . Coarse austenite grains, the carbonitride of microalloy elements and the film-like ferrite clustered in large quantities along the austenite grain boundaries are the sources that initiate transverse cracks. Kato et al. [6] proposed the surface control coefficient method to eliminate the film-like ferrite precipitation along the prior austenite boundaries and the carbonitride of microalloy elements with a chain-like distribution. However, this method has a narrower cooling control window, which is difficult to achieve in the continuous casting. Dippenaar et al. [7] reported that the coarse austenite grain is the key factor affecting the occurrence of transverse cracks; and refining the austenite grains can decrease the occurrence of transverse cracks. Recently, the double phase transformation method controlled by a thermal cycle [8] was reported for the refining of hypoeutectoid steel. The key steps of this transformation are as follows: (i) the phase transformation from austenite to ferrite is achieved by rapid cooling, namely, the first phase transformation and (ii) the phase transformation from ferrite to austenite is achieved by reheating, namely, the second phase transformation. This method can refine the prior austenite grain; however, it has some shortcomings such as (i) the experimental specimens are heated to 1,300°C with Gleeble and then cooled, which is inconsistent with the solidification of molten steel in continuous casting; (ii) the cooling rate before the first phase transformation is 20°C s -1 , whereas the current casting technology cannot achieve this cooling condition; and (iii) finally, the occurrence of sequential two-phase transformation is the main part of the double phase transformation technology, in which the distribution of the proeutectoid ferrite after the first phase transformation is the key factor determining the occurrence of the secondary phase transformation. However, the study did not investigate the effect of this factor on the double phase transformation technology. Based on these analyses, in this study, the high-temperature confocal laser scanning microscope (CLSM) was used to simulate the solidification of molten steel during the continuous casting and two double phase transformation technologies suitable for the actual conditions of casting machine. Under the condition when the second phase precipitate was distributed uniformly, the effect of the proeutectoid distribution on the double phase transformation technology was also studied. A refinement mechanism manipulating the two technologies is proposed to achieve the double phase transformation technology for the continuous casting.
Experimental
In this study, hypoeutectoid microalloyed steel was selected as the experimental object. The detailed compositions of the steel are shown in Table 1 . The experimental steel slabs were cut in cylindrical specimens with 8 mm diameter and 3 mm height using a wire-cutting tool and then grinded, fine grinded and polished using a sandpaper before being washed. The solidification of the molten steel in the continuous casting and double phase transformation technology suitable for casting machine conditions were simulated CLSM ( Figure 1 ). The surface temperature of samples had been calibrated before the experiment by using the sample of known melting point. With accurate temperature controlling, sufficient superheat is the necessary condition to ensure the uniform melting of the sample. The liquidus temperature of the steel in the experiment (1,514°C) was obtained by formula (1) . The sample was heated to 1,540°C and held isothermally for 5 min. The samples were uniformly melted and then cooled to 1,350°C at a cooling rate of 2.5°C s -1 to obtain the prior grains to make sure that the simulated conditions in the experiment were suitable for the actual solidification process during the continuous casting [9] . During the continuous casting, the cooling rate of the secondary cooling zone hardly exceeded 6°C s
, and the cooling processes of the designed thermal cycles, TH0 and TH1, were both controlled within this range (Figures 1(a) and (b) ) to investigate their effects on the distribution of the proeutectoid ferrite. In TH0 thermal process, the specimens were cooled to 640°C at a cooling rate of 5.0°C s -1 , and the temperature was lower than the Ar 3 temperature (under this cooling rate, the second phase precipitate exhibited a dispersed form in the austenite matrix [10] ). The Ar 3 temperatures under different cooling rates were measured by thermal analysis experiment, as shown in Table 2 .
During the continuous casting, it is difficult to achieve relatively large cooling rate at temperatures <800°C for the slab surface, and the main difference between the comparable TH1 and TH0 thermal cycles is the different cooling processes before the first phase transformation. In TH1 thermal cycle, the specimens are cooled to 800°C at a cooling rate of 5. Cooling rate (°C s Table 1 : Chemical composition of the steel investigated (mass%).
temperatures >800°C [10, 11] ; thus, the distribution of the second phase precipitate has the same effect on these two cooling processes [12] [13] [14] . Therefore, in the following analysis, the distribution of the second phase precipitate on these two double phase transformation technologies will not be discussed. During the reheating process, in both thermal systems, the specimens were both reheated to 1,100°C at a heating rate of 5°C s -1 and were finally cooled to room temperature in a furnace. After the completion of the experiment, the specimens were removed, grinded, polished and corroded with 4% nitric acid-alcohol solution. The structural morphologies of the specimens were observed using a metallographic microscope, and the Image-Pro-Plus6.0 image processing software was used to process the metallographic photos of the corroded specimens to obtain the austenite grain size following the statistical methods reported in the literature [9] . The experiment had been repeated two times, and the mean austenite grain size in the paper was the average of the two results:
Results and discussion
Refinement of the prior austenite grains
The metallographic etching results of the specimens after the treatment are shown in Figure 2 , indicating that the prior austenite grains without the reheating process had an average grain size of 1,057 μm, as shown in Table 3 . Thze austenite grain size after the double phase transformation became significantly smaller, as shown in Figure 2 (b) and (c). Under the conditions of TH0 thermal cycle, less film-like ferrite formed, and the austenite grains exhibited a certain degree of refinement based on the prior austenite (403 μm, as shown in Table 3 ). However, the austenite grains with smaller size were found along the grain boundaries, and the mixed crystal phenomenon was obvious (Figure 2(b) ). Under the conditions of TH1 thermal cycle, the film-like ferrite structure developed, and the film-like ferrite with partly coarse grains broke the boundaries of the prior austenite grain; thus, the austenite grain had finer size and better uniformity (278 μm, as shown in Table 3 and Figure 2(c) ). Based on TH0 thermal cycle, the average austenite grain size decreased from 403 to 278 μm after TH1 thermal cycle. Besides, the average refinement ratio of the austenite grain size increased by 31%, and the maximum austenite grain size effectively decreased.
Distribution of proeutectoid ferrite
The in situ observation of "γ→α" phase transformation steel A under TH0 cooling system was achieved by CLSM, as shown in Figure 3 . Since the temperature of the specimen did not reach the phase transformation temperature, the austenite boundaries were clearly observed, as indicated by the black arrow in Figure 3 (a). As the temperature decreased to less than the transformation temperature of "γ→α", the proeutectoid ferrite first began to nucleate and grow along the austenite grain boundaries, and then extended into intragranular grains, as shown in Figure 3(b) . With further decrease in temperature, the proeutectoid ferrite began to appear in the form of intragranular grains, as indicated by the black arrow in Figure 3 (c). With continuous decrease in temperature, the proeutectoid ferrite along the grain boundary and in intragranular grains grew simultaneously so that the phase transformation was completed, as shown in Figure 3(d) . Figure 4 shows the in situ observation of the proeutectoid ferrite distribution under two cooling conditions. Under TH0 cooling conditions, the cooling rate was 5°C s -1 during the phase transformation, resulting in a larger degree of undercooling. Thus, the growth of the boundaries was inhibited, and the proeutectoid ferrite was mainly distributed in the intragranular grains, as shown in Figure 4 (a). Under TH1 conditions, the cooling rate during the phase transformation was 1°C s -1
, promoting the precipitation and concentration of the proeutectoid ferrite on the grain boundaries, as shown in Figure 4(b) .
The metallographic observation was consistent with the in situ observation of the proeutectoid ferrite as shown in Figure 5 . Under the conditions of TH0 thermal cycle, the film-like ferrite structures along grain were inhibited. Therefore, the proeutectoid ferrite was distributed uniformly so that the grain boundaries of the prior austenite cannot be outlined, as shown in Figure 5 (a1). Under TH1 thermal cycle, along the grain boundaries, the proeutectoid ferrite formed and developed film-like proeutectoid ferrite structure so that the austenite grain boundaries were outlined, as shown in Figure 5 (b1).
A large difference in the distribution of the proeutectoid ferrite was observed under the two cooling conditions, whereas the average ferrite grain size under the two cooling conditions was almost the same, as shown in Figure 5 (a2) and (b2).
The second phase transformation
Compared to the first phase transformation, two parent phases existed in the second phase transformation: one is the residual austenite, namely, the prior austenite that did not change in the first phase transformation, and another one is the proeutectoid ferrite. During reheating, the proeutectoid ferrite and the surrounding residual austenite were assumed to form a phase transformation unit, and the growth of the residual austenite and nucleation of new austenite in the proeutectoid ferrite would occur simultaneously, as shown in Figure 6 . During the second phase transformation, with increasing reheating temperature, the atomic diffusion capacity released. Therefore, the migration of the carbon atoms from a high concentration area (residual austenite phase) to a low concentration area (proeutectoid ferrite) occurred near the phase interface between the proeutectoid ferrite and residual austenite. With the migration of the phase interface, the residual austenite began to grow with continuous diffusion phase transformation. Moreover, in the proeutectoid ferrite structure, the ferrite intragranular lattice became unstable with increasing temperature, and the precipitate in the proeutectoid ferrite acted as the nucleus to enhance the nucleation growth of new austenite phase around them, as shown in Figure 6(b) . During the simultaneous growth of the residual austenite and nucleation growth of new austenite in the eutectoid ferrite, if the newly formed austenite was merged by the phase interface migration of the residual austenite before the new austenite formed a stable grain, the prior austenite in the phase transformation unit cannot be refined, as shown in Figure 6 (c). If the new stable austenite grains can be formed within the phase transformation unit, the newly formed austenite grain will split the prior austenite grains, refining the prior austenite grains, as shown in Figure 6(d) .
From the above analysis, it is obvious that the nucleation condition and number of stable grains of new austenite are the two important factors refining the prior austenite grains. According to the literature [15] report, during the transformation process from ferrite to austenite, almost all the nucleation sites are located at the intersection points of the ferrite grain boundaries (triple point). Based on this characteristic, the proeutectoid ferrite distribution after the first phase transformation in the double phase transformation process had a direct effect on the nucleation of new austenite in the second phase transformation. Because of the similar grain size under these two cooling conditions, the number of triple points between ferrite grains was mainly related to the size of the proeutectoid ferrite structure. During TH1 thermal cycle, the proeutectoid ferrite structure generated a developed-film-like ferrite along the grain boundaries, with a larger microstructure area and more triple points, which provided better conditions for the nucleation of new austenite grain during the reheating.
Refining mechanism
Compared with TH1 thermal cycle, TH0 thermal cycle can refine the prior austenite grains more effectively, thus improving the cooling rate under low temperatures, making the double phase transformation with TH1 thermal cycle more suitable for the actual conditions of continuous casting production. Further discussion and studies on the mechanism manipulating the refinement of the prior austenite grains were necessary, as shown in Figure 7 . The process of cooling the specimens from the formation of the prior austenite grains (Figure 7(a) ) to 640°C is the first phase transformation of the double phase transformation process. The difference between the two thermal cycles embodied on the proeutectoid ferrite distribution after the first phase transformation. During TH0 thermal cycle, because of the large cooling rate, ferrite was almost simultaneously formed along the grain boundaries and in intragranular grains. This is the main reason why no ferrite nucleus was formed on the portions of the prior austenite boundaries (Figure 7(b1) ). In contrast, the grain boundaries were the nucleation sites of the ferrite formed during TH1 thermal cycle. The ferrite began to grow along the boundaries of the prior austenite grains and formed film-like ferrite structure with a certain thickness. These ferrite grains were connected together into a sheet-like structure and effectively broke the prior austenite grain boundaries (Figure 7(b2) ).
With the development of film-like ferrite formed under TH1 thermal cycle, more triple points between ferrites grains provided favorable conditions for the nucleation of new austenite, significantly increasing the number of nucleus of new austenite than that under TH0 thermal cycle, as shown in Figure 7(c1) and (c2) . Because of the more new austenite grains and more obvious splitting effect on the prior austenite grain, the refinement ratio of the prior austenite grain under TH1 thermal cycle significantly improved compared to that in TH0 thermal cycle (Figure 7(d1) and (d2) ). Overall, TH1 thermal cycle was better than TH0 thermal cycle owing to the proeutectoid ferrite structure with developed grain boundaries connected together into a sheet-like structure, which was not only beneficial to break the prior austenite grain boundaries but also provided a pleasant condition for the nucleation of new austenite grains during the second phase transformation. Finally, the refinement ratio of the austenite grain size effectively increased.
Conclusion
In this study, CLSM was used to simulate and study the effect of two γ→α phase transformation conditions on the refinement of the prior austenite grains. Under the condition of the uniform distribution of the second phase precipitation, the effect of the distribution of the proeutectoid ferrite at different cooling rates and refinement of prior austenite grain were investigated. The conclusions of this study are as follows: (1) At a cooling rate of 5.0°C s -1 , TH0 and TH1 thermal cycles refined the prior austenite grains by different extents. The grain austenite size undergoing TH1 thermal cycle was 31% smaller than the austenite grain undergoing TH0 thermal cycle. (2) Under TH0 cooling system, the proeutectoid ferrite was uniformly distributed in the austenite matrix; under TH1 cooling, the proeutectoid ferrite precipitated and mainly concentrated along the austenite grain boundaries to form developed-film-like ferrite, which is favorable to break the prior austenite grain boundaries. (3) After the first phase transformation, the proeutectoid ferrite distribution and number of stable austenite grains newly formed in the reheating process were important factors affecting the prior austenite grains during the double phase transformation. After the first phase transformation, the film-like ferrite developed along the austenite grain boundaries and improved the nucleation conditions of new austenite grains, thus more new austenite grains splitted the prior austenite grains, ultimately refining the prior austenite grains.
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